The Gal repressosome is a nucleoprotein complex consisting of two GalR dimers, one HU, and a DNA loop which represses transcription of the gal operon.
INTRODUCTION
The formation of DNA loops through the binding of regulatory proteins to spatially separated sites is a common feature in DNA transaction reactions (1) (2) (3) (4) (5) (6) . In both prokaryotes and eukaryotes, the components of many nucleoprotein complexes containing DNA loops have been characterized, but higher order structures are largely unknown. Questions such as the characteristic modes by which DNA loops form and the way in which the abundant architectural components of the nucleoid contribute to DNA loops remain to be resolved (3, 4) .
The Gal repressosome, containing a DNA loop, is one such complex whose function is to represses transcription of the genes for galactose metabolism in Escherichia coli (7) (8) (9) . Its assembly requires (i) the binding of two dimeric GalR repressors to two operators flanking the two gal promoters, (ii) the cooperative binding of HU, an abundant component of the nucleoid, to a site between the two operators, and (iii) negatively supercoiled DNA. Figure 1a shows the gal regulatory region. In our attempts to understand the structure of the Gal repressosome we have adopted a genetic approach, which it is hoped will complement structural studies and provide critical in vivo information about how the repressosome forms. In this report we present the results of homology-based site-directed mutagenesis, including alanine scanning of the GalR surface, as well as allele specific suppression genetics, to characterize the domains of GalR dimers that interact to form a tetramer while bound to DNA. The results confirm that repressosome formation involves several residues on the DNA-distal edge of the GalR dimer that make critical contacts in the higher order complex. 
EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids
The strains and plasmids used in this study have been previously described with one exception (8) . The galP2~gusA reporter fusion in which O E is deleted was constructed by two rounds of PCR amplification. A primer which completely replaced O E and a primer complementary to sequence upstream of the EcoR1 site in pI24 (8) were used to amplify the DNA upstream of the operator, and the complement to the mutagenic primer and a primer complementary to galE were used to amplify the downstream sequence, including the HindIII site in galE. These PCR products were annealed and amplified with the primers complementary to the ends of the annealed DNA, and the product was cloned into pSA817. The resulting gene fusion was transferred to the chromosome using bacteriophage lambda as previously reported (8) .
Assay of GalR Function In Vivo
The effect of site-directed mutations on GalR function was examined in vivo by enzyme assay of two gene fusions that enable the DNA binding activity of a GalR mutant to be measured separately from its ability to form the repressosome. GalR binding to the upstream gal operator, O E , is sufficient for repression of P1 (8, 10), but not P2.
Therefore a gene fusion was constructed in which the gal promoter is mutated to inactivate P2 while retaining P1 transcription and fused to the lacZ gene such that O I is deleted (Fig. 1c) GalR. To measure the extent of repressosome formation, the gal promoter is mutated so that transcription occurs only from P2 and joined to the gusA reporter downstream of O I (Fig. 1b) . β-glucuronidase or β-galactosidase activities were measured for all cultures simultaneously using the Softmax TM microplate spectrophotometer system. Values for expression of lacZ and gusA reporter fusions were normalized to the value obtained in a corresponding galR strain. The standard error for values given for P1~lacZ fusions was 7% and for P2~gusA expression approximately 3%. This error derives from the uncertainty associated with best straight line fit of a plot of four measurements of enzyme activity versus cell density in a growing culture as well as the uncertainty associated with the best fit of enzyme activity versus OD 600 for the galR strain. The mutant activity is divided by the activity in the galR strain and the error propagated accordingly.
Site-directed Mutagenesis and Screening of GalR Mutants
Site-directed mutagenesis of galR was performed with the Quick-Change TM kit from Stratagene. All mutants were sequenced by standard methods. Potential supressors of looping-defective GalR mutants were generated by adding a mixture of bases at the first two positions of a given codon. The positions at which supressors were screened were chosen on the basis of trying to include all or most substitution-sensitive residues at an interface between apposed GalR dimers. Potential supressors of the GalR mutants N259M and D258N were screened by introducing substitutions at positions 322, 325, and 327. In the case of R325H, potential random substitutions at 258 and 230 were made.
For each amino acid pair approximately 50 clones were screened for reduced expression. 
RESULTS
We have previously described how by homology scanning mutagenesis we identified surfaces of GalR that participated in repressosome formation (11) . In this approach a homology model of the dimeric GalR core was constructed based on the structures of two proteins, LacI and PurR, that have high sequence similarity to GalR and are nearly identical in their crystal structures (9, 12, 13) . The particular residues that were substituted into GalR were those which occupied corresponding structural positions in either LacI or PurR when the GalR model was superimposed on the crystal structures.
This strategy allowed us to change the GalR surface with minimal likelihood of disrupting the overall structure of the protein (14) . The effect of homology-based, sitedirected mutagenesis of GalR on repressosome formation was examined in vivo as described in Experimental Procedures by enzyme assay of two gene fusion products that enable the DNA binding activity of a GalR mutant to be measured separately from its ability to form the higher order structure (9) . Briefly, DNA looping was assayed in looping defective mutants of GalR by measuring the expression of β-glucuronidase from a P2~gusA fusion whose repression requires repressosome formation (Fig. 1b) . The assay in the same cell of the level of β-galacosidase synthesized from a P1~lacZ reporter (Fig. 1c) allowed the DNA-binding activity of GalR mutants to be determined so that looping defects due to loss of operator affinity could be eliminated. Table I shows a list of GalR substitutions which either behave like wild type or are specifically defective in repressosome formation. The list comprises the new mutants reported here as well as the previously described ones (11) for the purpose of Green spheres show the position of β carbons that could be substituted with no apparent effect on loop formation (Table I , first group). Red spheres indicate that substitutions at these positions disrupted looping-dependent repression of P2 (Table I , second group). It is clear that the sensitive (red) residues are confined to a "crescent" in the roughly planar surface as delineated by a red border in the "front" (Fig. 3c ) of the carboxy-terminal subdomain of the core; none are located on the exposed surface on the "side" (Fig. 3a) or "bottom" (Fig. 3b) of the dimer.
Alanine-scanning Mutagenesis of the Proposed Interacting Surface.
The results of our site-directed mutagenesis suggested that a surface on the large face of the carboxyterminal subdomain of the GalR core was the site of protein-protein contacts in the repressosome. But some of these substitutions, particularly those with bulky side chains, may cause "interference" rather than "loss" of interactions in the interface. It has been proposed that the substitution of alanine on the protein surface is a way of abolishing critical contacts between residues without disrupting structure or making new contacts between residues (15). We made ten alanine substitutions (Table I , third group) spanning the crescent-shaped, substitution-sensitive surface (in Fig. 2c reproduced in Fig. 3a) of GalR. Substitution with alanine of only five of the ten residues, R236, N259, D258, T322, and R325, caused derepression of P2. This result and the fact that these residues appear to be extremely sensitive to other kinds of substitutions as well suggest that noncovalent bonds made by these amino acid side chains stabilize the repressosome. The β carbons at these positions are depicted as yellow spheres in Figure 3b .
Allele Specific Intragenic Suppression: Aspartate 258 and Arginine 325 Appear to be in Close Proximity in the Apposed Dimers.
In order to test whether the amino acids identified above participate in GalR tetramerization, we attempted to identify pairs of amino acids that might interact at the interface between two dimers by allele-specific, intragenic suppression analysis. Under the assumption that it is the alanine substitutionsensitive amino acids that interact at the interface between GalR dimers, we chose eight potential interacting pairs (listed in Experimental Procedures), based on modeling studies (11) . Starting with one mutation, which impaired DNA looping by GalR, we screened for restoration of the ability of GalR to repress P2 among a collection of mutants that also contained randomly generated amino acid substitutions at the second position of the pair.
We reasoned that obtaining a substitution, which increased repression only when made in a specific looping-defective GalR mutant, would be more likely if the two residues that were replaced were interacting with each other in a tetrameric structure. Positive results of the supressor screens are summarized in Table II . Substitution at position 325 of leucine or valine for arginine in GalR mutant D258N restored repression moderately so that the level of P2 expression decreased from 70% to 53 or 60%, respectively. However, in this case when the same second-site substitutions were made in the wild type protein or the looping-defective mutant E230K, they caused significant derepression.
These results suggest that arginine 325 and aspartate 258, the two amino acids whose replacements on their own caused pronounced derepression, may be in close proximity and constitute an interacting pair in the interface between GalR dimers in the repressosome. The β-carbons of the interacting pair are shown in orange spheres in Figure 3d .
We also found that introducing a stop codon in the D258N mutant at position 322, thereby removing 22 C-terminal amino acids restored repression; in this case P2 expression was nearly reduced to that seen with wild type protein (Table II) . In contrast, truncation of wild type GalR protein or GalR mutant E230K at position 322 caused relative derepression (Table II) . More limited deletions at the C-terminus of D258N were made to determine which residues needed to be removed to restore repression.
Termination of D258N at residue 330 had no effect, but termination at position 328 moderately restored repression by D258N, while it caused a slight derepression of P2 in the wild type protein. Removing residues 324-343 in D258N restored repression somewhat better and caused much greater derepression in the wild type. Residues 322 through 328 form a strand of exposed residues that extends along the large face of the Cterminal subdomain of the dimer (Fig. 2c ). The precise role of the strand in repressosome formation remains to be determined.
GalR Mutants That Enhance Repressosome Formation. While screening for
allele-specific supressors of looping-defective GalR mutants, we identified substitutions within the substitution-sensitive surface that caused increased P2 repression in comparison to wild type GalR. One such substitution, T322V, was isolated as a suppressor of looping-defective mutant D258N (data not shown), but it did not prove to be specific for this allele. T322V did not show any detectable increase in DNA binding as assayed by beta-galactosidase synthesis from the P1 promoter ( Fig. 4a and b) .
Enhanced repression of the P2~gusA fusions by T322V required both operators. When the mutant or the wild type GalR were introduced into strains containing P2~gusA fusions lacking either the upstream operator, O E , or the downstream operator, O I ( Fig. 1d and e), no repression was observed ( Fig. 4c and d) . Thus the mutant did not acquire the ability to repress the P2 promoter solely through occupancy of O E (10) or though a roadblock mechanism in which transcription arrests due to GalR binding to O I (D. E. A.
Lewis and S. Adhya, in preparation). The mutant GalR protein could form a loop with increased stability if protein-protein interactions between either two GalR dimers or GalR
and HU were enhanced. When HU was deleted from the chromosome, the mutant phenotype persisted (Fig. 4e) . While the wild type GalR failed to repress P2 in a hup AhupB strain, the mutant GalR was still able to repress transcription, albeit more weakly than when HU was present. This would suggest that the enhanced P2 repression was due to enhanced contacts between GalR dimers and not a stronger interaction (Fig. 4f) and absence (Fig. 4g) of HU. This would be expected if the tetramer made by GalR mutant T322V was similar to that of the wild type. As described above, both residues 322 and 327 are sensitive to alanine substitution.
Thus, the in vivo properties of these gain-of-function GalR mutants appear consistent with a model in which the repressosome assembly involves an interaction between apposed GalR dimers mediated in part by these amino acids. The β carbons of residues 322 and 327 are shown in blue spheres in Figure 3c . 
DISCUSSION
The GalR surface defined by homology scanning mutagenesis and the interacting residues within this surface as defined by alanine substitution could be the site of contacts between GalR dimers and/or HU and GalR. The alanine scanning results indicate that five residues defining a DNA-distal surface of the dimer make critical interactions. Two of these surfaces could be brought together in apposed GalR dimers in the partiallystacked orientation that is suggested by modeling studies (11) , and which occurs in the Xray crystal structure of the GalR homolog, LacI (12, 13) . Isolation and characterization of two second-site intragenic mutations at positions that are sensitive to alanine substitution, which partially suppressed DNA looping defective mutations in GalR in an allele-specific way, suggested that an interaction between residues 258 and 325 mediates a GalR-GalR interface. Conceivably in the suppressed mutant a non-polar interaction between asparagine 258 and leucine 325 could partially replace an ionic interaction between aspartate 258 and arginine 325 that may occur in the wild type. A partially stacked structure would bring residues 325 and 258 into close proximity. The gain-offunction GalR mutants, within this surface, H327N and T322V, caused increased repression both in the presence and absence of HU and were indistinguishable from one another under both conditions. These results also imply that there exists a direct contact between the GalR dimers along the DNA distal surface. If one assumes on the other hand that in the wild type there is no GalR-GalR contact upon repressosome formation, then each gain of function mutation must create an entirely new protein-protein interface that is still stabilized by HU (Fig. 4a and e) . Arguing against this scenario is the fact that repression significantly without affecting repression of the galP1~lacZ fusion (Fig. 1c ).
The third group shows the results of alanine scanning. 2 The galR gene contained on a low copy plasmid and expressed from its intrinsic promoter. 
